Long distance migration occurs in a wide variety of taxa including birds, insects, fishes, mammals and reptiles. Here, we provide evidence for a new paradigm for the determinants of migration destination. As adults, sea turtles show fidelity to their natal nesting areas and then at the end of the breeding season may migrate to distant foraging sites. For a major rookery in the Mediterranean, we simulated hatchling drift by releasing 288 000 numerical particles in an area close to the nesting beaches. We show that the pattern of adult dispersion from the breeding area reflects the extent of passive dispersion that would be experienced by hatchlings. Hence, the prevailing oceanography around nesting areas may be crucial to the selection of foraging sites used by adult sea turtles. This environmental forcing may allow the rapid evolution of new migration destinations if ocean currents alter with climate change.
INTRODUCTION
Long distance migration is a widespread feature in terrestrial and marine systems and has inspired decades of research into, for example, the adaptive significance of migration, navigational cues employed, behaviours used to optimize travel and how individuals learn migration routes (Alerstam et al. 2003; Alerstam 2006; Dingle & Drake 2007) . Pioneering experiments with starlings in the 1950s suggested that migrating birds are born with an innate compass heading to follow in their first migration, and then as they complete subsequent trips their map sense develops and they are able to compensate better for unexpected displacements (Perdeck 1958) . Similarly, in many insects an innate compass sense is probably central to migration trajectories (Chapman et al. 2008a,b) . In other groups, such as some fishes, social learning may be important (Galef & Laland 2005) . However, in some other taxa, the processes that shape migration routes and destinations remain enigmatic, with a case in point being sea turtles and some fishes (Sims et al. 2003) . Sea turtles have long been considered paradigmatic long-distance migrators (Darwin 1873) , often travelling hundreds or thousands of kilometres between breeding and foraging sites (Luschi et al. 2003) . Molecular evidence has convincingly demonstrated that turtles generally show good fidelity to the beaches where they hatched (Lee 2008) and similarly adults, certainly for some species, show good fidelity to foraging sites (Broderick et al. 2007) . However, what drives the initial selection of these foraging sites is not known. It has been well described how hatchling turtles, because of their limited swimming and diving abilities coupled with positive buoyancy, probably drift passively with ocean currents at the ocean surface, at least in the early part of their lives (Carr & Meylan 1980; Bolten et al. 1992; Hays & Marsh 1997 ). Yet, the importance of these initial drift scenarios for the subsequent behaviour of adult turtles has received little attention. Here, we develop a hypothesis that the foraging sites used by individual sea turtles may not solely reflect innate behaviours or social learning, but instead may reflect their previous experiences as hatchlings and young juveniles when they are carried by ocean currents. As such, sea turtles may represent a new paradigm for the ontogenetic development of migration routes.
METHODS

Adult tracking
The Greek island of Zakynthos hosts the largest breeding population of loggerhead turtles (Caretta caretta) in the Mediterranean. The nesting beaches are situated around Laganas Bay in the southeastern part of the island (37843 0 N, 20852 0 E). During May 2007-2009, we attached transmitters to adult male (n ¼ 8) and female (n ¼ 2) loggerhead turtles captured at sea within 1 km of shore in the vicinity of the nesting beaches (for capture methodology, see Schofield et al. in press) . This is just prior to the start of the nesting season and a time when males and females aggregate for mating. Details of tags are given in table 1. Units provided either GPS quality locations and/or Argos quality locations relayed either via the Argos satellite system or via mobile phone networks. We also digitized the previously published tracks (Zbinden et al. 2008) for female loggerhead turtles satellite tagged (n ¼ 7) on the nesting beaches at Zakynthos.
The data were filtered using a maximum rate of travel of 5 km h 21 between successive locations. Foraging sites used at the end of post-breeding movements were identified by individuals slowing down and staying in approximately (all filtered locations within 30 km) the same place for more than 5 days. Lengthening this period from 5 to, for example, 15 days makes no difference to the definition of the foraging sites. We selected 5 days so that we could include datasets for adults where the satellite tags failed shortly after arrival at the foraging sites. Foraging sites were identified in essentially the same way by Zbinden et al. (2008) , i.e. turtles remaining in fixed areas for extended periods.
Particle tracking
A state-of-the-art hydrodynamic model of the Mediterranean Sea (Bozec et al. 2006 (Bozec et al. , 2008 ) was coupled with a particle tracking algorithm (Mariani et al. in press ) to simulate dispersion patterns of numerical drifters initially released in the upper layers (less than 6 m) of a small region (45 Â 45 km) centred ca 40 km south of the nesting beaches of Zakynthos island. The physical ocean model is an eddy permitting configuration of OPA (Océan Parallélisé; Madec et al. 1998) in the Mediterranean Sea and it has a 1/88 of horizontal resolution and 43 layers in the vertical. The model has been successfully applied to study water mass formation in the Mediterranean (Bozec et al. 2008) and major patterns of the surface and deep thermohaline circulation of the eastern basin (Beranger et al. 2004; Bozec et al. 2006) . Velocity data are extracted from the archived hydrodynamic simulations and linearly interpolated to the particle positions that are then integrated forward in time using a Runge-Kutta second-order scheme. A similar Lagrangian method was applied to reproduce dispersion patterns of fish larvae in the northwest Mediterranean and the model was used to simulate retention and dispersion processes of bluefin tuna larvae around the Balearic Islands (Mariani et al. in press) .
The model was run for four separate years: 1998 -2001. These are years in which high-resolution atmospheric forcing data (ECMWF, 0.5 Â 0.58) allow a good representation of the oceanic circulation and of air-sea exchanges (Bozec et al. 2008) . Moreover, those years (1998 Moreover, those years ( -2001 cover a large range of surface conditions in the central Mediterranean and so provide a good indication of the extent of interannual variability in particle dispersion in the area (Bozec et al. 2008) .
The nesting season at Zakynthos peaks in the second half of June and throughout July with the peak hatchling season extending through August and September (Margaritoulis 2005) . To simulate hatchlings entering the water, passive and neutrally buoyant numerical particles were released every 5 days from the start of Table 1 . Attachment details for tracked adult turtles. Data for turtles A -G are from Zbinden et al. (2008) . Turtles 4394 and 15119_07 are described in Schofield et al. (in press ). Argos quality locations were provided from the KiwiSat 101 and SMRU solar satellite tags. The Sirtrack GPS-Argos and SMRU GPS-GSM tags provided Fastloc GPS locations. The GPS-GSM tag relayed data via mobile phone receivers. All the other tags relayed data via the Argos satellite system. General foraging location indicated with 'Greece' means those that had foraging locations in Greece excluding Zakynthos. August to the end of September and for four consecutive years 1998 -2001 (total 288 000 particles and 48 releases). In each release, the drifting period was 180 days and, along their trajectories, particles are constrained in the upper 6 m of the water column. Without data assimilation, the model is unable to entirely reproduce observed wind-driven mesoscale features and over time it is likely that any errors in the particles' trajectories accumulate. Hence, we constrained the model to 180-day simulations. The numerical integration was performed using a time step of 60 s, while the positions of the particles were stored every day.
Drifter data
To assess the long-term drift scenarios, we used the Global Lagrangian Drifter Data freely available from http://www.aoml.noaa.gov/envids/. This dataset consists of satellite-tracked buoys drogued near the surface (15 m) from 1979 to the present. Drifter locations are estimated from 16 to 20 satellite fixes per day, per drifter. The Drifter Data Assembly Center (DAC) at NOAA's Atlantic Oceanographic and Meteorological Laboratory (AOML) assembles these raw data, applies quality control procedures and interpolates them via kriging to regular 6-h intervals.
To describe the drifter-inferred circulation in the Adriatic, we used drifter tracks published in Falco et al. (2000) that are not in the AOML database. For the eastern Mediterranean we used current patterns described in Hamad et al. (2006) .
RESULTS
Adult tracking
A total of 17 loggerhead turtles were followed to their foraging grounds (figure 1). Foraging grounds were widely scattered across the Mediterranean: 10 individuals (59%) travelled north to foraging sites in the Adriatic, two travelled southwest to Tunisia and eastern Libya, two remained at Zakynthos close (within 10 km) to the breeding beaches, two travelled to other coastal sites in Greece and one travelled to Turkey. Two of the turtles that travelled to the northern Adriatic subsequently overwintered just south of Italy, but for clarity these components of the tracks are not shown.
Particle tracking
Particles showed a broad pattern of dispersion from Zakynthos, with a general dichotomy between northerly and southerly drift scenarios (figure 2). As well as this general pattern of dispersion, there were clear interannual and seasonal differences, with both year and week of release significantly affecting the percentage of particles ending up north of Zakynthos (two-way analysis of variance, for year: F 3,33 ¼ 19.4, p , 0.001; for week: F 11,33 ¼ 4.7, p , 0.01). For example, more particles ended up north of Zakynthos when released in 2000 (94%) compared with 1999 (53%), and when released in the last week of September (94%) compared with the first week of August (41%) (figure 3). Turtle migration and Lagrangian drift G. C. Hays et al. 1321
Drifter trajectories
The AOML satellite-tracked drifters allow us to extend the results from the particle tracking model. Buoys travelling through the area between Zakynthos and southern Sicily (i.e. in the Ionian Sea) could travel southwards to the North Africa coast, and from there other buoys have been tracked travelling westwards to Tunisia and eastern Libya. So, it is possible for passive drift to occur from Zakynthos to Tunisia and eastern Libya in approximately 1 -2 years (figure 4). Satellitetracked drifter trajectories reveal a very consistent circulation in the Adriatic with currents flowing northwards in the eastern Adriatic and southwards in the western Adriatic. Therefore, it is possible to end up by passive drift in the northern Adriatic in less than 1 year. In the eastern Mediterranean, strong eddies superimpose on a general cyclonic (anticlockwise) circulation, explaining how particles may passively end up in the Aegean Sea from Zakynthos. We can therefore combine the results from the particle tracking, AOML drifter trajectories and wider oceanography to schematically illustrate the various drift scenarios for hatchlings from Zakynthos (figure 5).
DISCUSSION
It is clear that adult loggerhead turtles breeding at Zakynthos disperse widely through the Mediterranean, heading broadly north, south and east. Our satellitetracking records corroborate findings from conventional flipper tagging, albeit with the caveat of potentially selective reporting of flipper tags (Margaritoulis et al. 2003) . Our findings contrast with those from some other rookeries. For example, large numbers of leatherback turtles (Dermochelys coriacea) breeding on the Indian Ocean beaches of South Africa have been satellite-tracked and all travel consistently southwards to foraging grounds in the Aghullas and Benguella currents (Lambardi et al. 2008) . Similarly, large numbers of green turtles (Chelonia mydas) have been satellitetracked from breeding beaches at Ascension Island in the mid-Atlantic, and all head subsequently to foraging sites on the coast of South America following similar routes (Papi et al. 2000) . Certainly, after the breeding season, adult loggerhead turtles are not simply passively transported by currents to their feeding grounds, since they are strong swimmers and individuals maintain very tight fidelity to specific foraging sites (Broderick et al. 2007) . However, we propose that current patterns do influence adult post-breeding migrations through another mechanism: namely that adult post-breeding migration destinations are linked to hatchling drift patterns. According to this hypothesis we predicted a wide range of drift patterns from Zakynthos and found evidence for this pattern. Our methodology of inferring hatchling drift patterns raises a number of questions. How likely do the drifter trajectories and modelled currents reflect hatchling turtle drift scenarios? We first assumed that hatchlings started drifting, when offshore, from breeding beaches on Zakynthos. Upon entering the sea, hatchling turtles show a short period of intense offshore-directed swimming known as the swimming frenzy. This behaviour is thought to last from a few hours to a few days and transport hatchlings up to a few tens of kilometres offshore (Salmon & Wyneken 1987) . After the swimming frenzy, hatchlings are thought to drift passively (Carr & Meylan 1980) . Hence, our assumption of passive drift from a site close offshore seems reasonable. The semienclosed Laganas Bay and its nesting beaches face southwards, and so we selected an area for particle release south of the island. It would, however, be interesting to investigate how changes in the release point impact the subsequent trajectories. In some areas where there are large changes in the current patterns over small scales, for example in the Gulf Stream off Florida, small changes in the release point would presumably impact the drift scenario appreciably. As hatchlings grow into juvenile turtles and their swimming ability improves, it has been hypothesized that they might show directional swimming to help stay in broadly favourable areas (Lohmann et al. 2001 ). However, after 2 years, the estimated size of loggerhead turtles is still only about 20 cm carapace length (Hays & Marsh 1997) , and so in their first years of life, the assumption of passive drift of varying degrees, depending on season and location, is probably valid. Assuming passive drift is one thing, but how accurately can we estimate drift patterns?
The oceanography of the Mediterranean is now well established through intensive targeted programmes that mainly use satellite-tracked drifters and particletracking models to estimate surface currents. It would be useful to match years for the particle-tracking simulations with the drifter data. However, this was not possible as there was limited drifter data available and the particle-tracking model was limited to years when surface currents have been validated (Bozec et al. 2008) . Nevertheless, matching the different current datasets to the same years and examining the extent of interannual variability in currents over more extended periods would certainly be useful. The advantage of drifters is that they show 'real' patterns of drift. Their limitation is that in areas of interest there may be relatively few drifter trajectories or the data may not be publicly available. Hence, particle-tracking models have been developed which allow the ocean to be seeded with huge numbers of particles that are then advected in a modelled ocean that is forced by realistic physical data (Bozec et al. 2006) . The advantage of these models is that they allow a large number of trajectories to be examined and more specific questions about spatio-temporal variability in currents to be explored. The model we used here appears to reproduce well the major surface and deeper circulation patterns in the eastern Mediterranean (Beranger et al. 2004; Bozec et al. 2006 Bozec et al. , 2008 Mariani et al. in press ). In addition, the resolution of the model allows it to simulate the Turtle migration and Lagrangian drift G. C. Hays et al. 1323 effects of mesoscale dynamics in this area and hence provides a realistic prediction of real drift patterns. The Ionian basin is notably characterized by a seasonal and interannual variability of the Atlantic Ionian Stream (AIS, i.e. a branch of the modified Atlantic water flow), and by several active circulation features in the central and eastern part of the basin (Beranger et al. 2005; Hamad et al. 2006) . In August and September, the model's simulations revealed that close to Zakynthos there is a bifurcation of the current with northward and southward flowing branches. In short, we would therefore predict that some hatchlings will get advected broadly north to the Adriatic Sea and others will get advected broadly south from Zakynthos. Interestingly, the local circulation pattern changes between August and September (Pinardi & Masetti 2000; Hamad et al. 2006; Gerin et al. 2009 ), resulting in a seasonal change in the probability of north versus south advection. This implies that depending on when they emerge during the season, hatchlings will have different drift trajectories. This finding poses interesting implications for climate change and sea turtles. First, sea turtles exhibit temperature-dependent sex determination with males being produced at cooler incubation temperatures. If male and female hatchlings emerge at different times of the season, then our results suggest that they may have different drift scenarios that might lead to male/ female differences in adult migration routes. However, to date, very few male turtles have been tracked so that it is difficult to test this idea. Increased sample sizes may also reveal whether there are sex differences in foraging location. Second, it has been hypothesized that climate change may cause ocean currents to shift (Poloczanska et al. 2009) , and this in turn might give rise to new post-breeding adult migrations.
After their initial northward and southward drifts, we can use Lagrangian drifter trajectories and information on the general surface circulation of the Mediterranean to infer the long-term (more than 180 days) drift scenarios for hatchlings. For example, the Adriatic Sea has a very well-established circulation with a current flowing northwards in the eastern Adriatic before turning and flowing south in the western Adriatic (Falco et al. 2000; Poulain 2001 ). South of Zakynthos the Ionian Surface Water (ISW; MalanotteRizzoli et al. 1997) currents flow southeastwards towards the northeast coast of Libya, and the northwest coast of Egypt, from where some drifters travel westwards towards Tunisia. Hatchlings entering the eastern Mediterranean would be expected to disperse widely in the complex circulation characterized by strong eddies in the general cyclonic circulation along the coast of Egypt, Syria and Turkey (e.g. Hamad et al. 2006) . Hence, hatchlings initially carried south would then have a broad range of drift scenarios across the eastern Mediterranean and North Africa. Our satellite-tracking results, and those of others, identified the coast of Tunisia as an important foraging site for sea turtles (Zbinden et al. 2008 ). Yet, it is clear from our particle-tracking results that hatchlings would not travel directly to that site. Instead, it can be hypothesized that arrival on the coast of Tunisia and eastern Libya would follow a more extended (more than 180 days) Mediterranean drift. Also of interest in the particle-tracking results is the finding that after 180 days, some particles may still be very close to Zakynthos. We found that some adult turtles remained at Zakynthos after the end of the breeding season. It may be that these are individuals that did not disperse far from the island as hatchlings and juveniles.
While we predict strong linkages between the extent of hatchling dispersal and adult post-breeding migrations, on the broadest scale clearly not all hatchling drift patterns will generate possible scenarios for adult migration. For example, some hatchlings may be carried into areas where they die because of environmental conditions. For example, in the Atlantic, a small number of loggerhead turtle hatchlings are carried on the Gulf Stream from nesting beaches in Florida to northern Europe where they die from cold (Hays & Marsh 1997) . Hence, the adult post-breeding migrations may reflect a subset of successful hatchling drift scenarios.
We suggest that selection of a permanent foraging site may be influenced by the broad geographic area that individuals previously encountered in the pelagic drift phase. Clearly, over the course of several years juveniles will have the capacity to drift or actively swim to a huge range of locations throughout the Mediterranean and possibly beyond (Eckert et al. 2008; Kobayashi et al. 2008) . However, the similarity between adult post-breeding tracks and inferred hatchling dispersion patterns suggests that it may be during this initial first year or so of hatchling dispersion that -10 000 -7500 -5000 ETOPO2 bathymetry -2500 0 m Figure 5 . Schematic illustration of likely drift patterns for hatchling turtles from Zakynthos. The scheme is produced by blending the results from the particle-tracking model (figure 2), AOML drifter trajectories (figure 4), previously published drifter trajectories for the Adriatic (Falco et al. 2000) and the oceanography of the eastern Mediterranean derived from a mix of satellite and hydrodynamic datasets (Hamad et al. 2006) . Scale bar, 500 km.
Turtle migration and Lagrangian drift G. C. Hays et al. 1325 individuals imprint on possible future and predictable foraging sites. During this time juveniles may experience many different sites and then as adults they may make a decision to go to the preferred one based on that experience, what we might term the 'many targets experienced, one preferred' hypothesis. Certainly, it has been suggested that hatchlings imprint on their nesting beach during their early days of life and maintain a memory of the nesting site (e.g. through the use of the site's geomagnetic coordinates; Lohmann et al. 2008a) . Similarly, imprinting on breeding locations occurs early in life in other groups such as migrating salmon (Quinn & Dittman 1992) . Hence, it seems reasonable to hypothesize that sea turtles imprint on potential predictable foraging sites during their early life.
While we recorded broad dispersion of adults, it is clear that the Adriatic Sea is an important foraging site for loggerhead turtles from Greece. Meta-analysis of the tracks of larger numbers of adult loggerhead turtles might allow more precise estimates of the proportion of this breeding population that travels to different areas of the Mediterranean, but it appears that the high proportion of adults foraging in the Adriatic Sea reflects a large proportion of hatchlings being advected there from Zakynthos.
Our results support the hypothesis that adult dispersion patterns after breeding may reflect their previous drift scenarios as hatchlings. To test this hypothesis further it may be possible to extend and refine the type of analysis performed here to a range of other turtle rookeries around the world. Given the plethora of adult-tracking studies (e.g. Lohmann et al. 2008b) as well as the wide availability of both drifter trajectories and complementary particle-tracking models, such meta-analysis should be possible.
